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High kinetic inductance materials constitute a valuable resource for superconducting quantum circuits and
hybrid architectures. Superconducting granular aluminum (grAl) reaches kinetic sheet inductances in the
nH/ range, with proven applicability in superconducting quantum bits and microwave detectors. Here we
show that the single photon internal quality factor Qi of grAl microwave resonators exceeds 10
5 in magnetic
fields up to 1T, aligned in-plane to the grAl films. Small perpendicular magnetic fields, in the range of
0.5mT, enhance Qi by approximately 15%, possibly due to the introduction of quasiparticle traps in the
form of fluxons. Further increasing the perpendicular field deteriorates the resonators’ quality factor. These
results open the door for the use of high kinetic inductance grAl structures in circuit quantum electrodynamics
and hybrid architectures with magnetic field requirements.
Keywords: Optical and microwave phenomena, Microwave Resonators, Superconducting RF, High-kinetic
inductance, Granular Aluminum
Thanks to their intrinsically low losses, super-
conducting materials are at the heart of quantum
information hardware1–4, hybrid semiconducting-
superconducting systems5–7, kinetic inductance
detectors8 and magnetometers9,10. High kinetic in-
ductance superconductors are particularly appealing,
because they enable the fabrication of compact, high
impedance circuit elements operating in the GHz range.
Notable examples are Josephson junction arrays11–13,
NbN14–17, NbTiN18–20, TiN21–23, W24, InO25 and
granular aluminum (grAl)26–28. Here we focus on grAl,
which has already demonstrated internal quality factors
in excess of 105 in the single photon regime, while
simultaneously packing high inductances in the nH/
range27. In moderate magnetic fields, up to a few mT,
grAl is currently being employed for fluxonium qubit
superinductors29, kinetic inductance detectors30,31, and
as a source of non-linearity for transmon qubits32.
However, the implementation of circuit quantum elec-
trodynamics in hybrid systems requires superconducting
resonators resilient to Tesla magnetic fields18,20,33,34. In
this letter, we demonstrate that grAl resonators with
kinetic inductance exceeding 1 nH/ maintain internal
quality factors above 105 under in-plane magnetic fields
up to 1T.
Granular aluminum is distinct from atomically disor-
dered superconductors, as it consists of pure, crystalline
Al clusters with an average diameter of 3 - 5 nm embed-
ded in a matrix of amorphous AlOx
26,35,36. This material
can be modeled as a network of Josephson junctions28,
in which the effective Josephson energy can be tuned
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by adjusting the partial oxygen pressure during e-beam
evaporation of pure aluminum. Using optical lithography
on a c-plane sapphire substrate, we fabricated supercon-
ducting λ/2 grAl resonators similar to the ones used in
Refs.27,31. The grAl film thickness is 20nm with a sheet
resistivity in the 1.4 - 1.8 kΩ/ range corresponding to
a kinetic inductance in the 1.2 - 1.5 nH/ range (cf. Ta-
ble I) and a critical temperature of ≈ 2K (cf. Ref.37).
In Fig. 1 we show the two sample holders used to test
the magnetic field resilience of superconducting grAl res-
onators. Following the approach of Refs.39,40, the res-
onators are enclosed in 3D copper waveguides in order
to reduce the surface dielectric participation and the as-
sociated radio-frequency dissipation. The waveguides are
anchored to the mixing chamber of an inverted, table-top
dilution refrigerator Sionludi38 with a base temperature
of 20mK. The rectangular waveguide27 (left image in
Fig. 1) accommodates a pair of Helmholtz coils for in-
plane field along the resonator’s axis, B‖ up to 650mT,
and a single coil for perpendicular field, B⊥. To increase
the maximum attainable magnetic field and to provide
tri-axial field control, we designed a cylindrical waveg-
uide holder (right image in Fig. 1) with a remarkably
small outer diameter of 3.6mm. Thanks to its reduced
dimensions, the cylindrical waveguide thermalized at the
dilution stage can be placed in a compact coil assembly
with 3D field control up to Bmax‖ = 1.2T, thermalized at
the 4K stage. We perform reflection measurements using
the microwave setup schematized in Fig. 1 (center).
The measured frequency shift of the grAl resonators
with increasing in-plane field is shown in Fig. 2 (a).
The participation ratio of the grAl kinetic induc-
tance, Lk, is close to unity
27, therefore the funda-
mental mode frequency is 2pifr ≈ 1/
√
LkC, where
C is the microstrip capacitance. Following Mattis-
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FIG. 1. Microwave reflection measurement setup connected either to a rectangular waveguide with 2D magnetic field control,
or to a cylindrical waveguide with 3D field control. All experiments are performed at the base temperature (≈ 20mK) of a
table-top, Sionludi inverted dilution refrigerator38 . In the middle, we present a schematic of the microwave measurement setup.
The input line contains two 30 dB attenuators at 4K and 20mK, a 12GHz low-pass filter and a circulator for signal routing,
thermalized at 20mK. The output line contains a 12GHz low-pass filter, an isolator, connected through a superconducting
Nb-Ti coaxial line (in red) to a low-noise high-electron mobility transistor (HEMT) amplifier at 4K, and a low-noise room
temperature (RT) amplifier at 300K. The measurements are performed with a commercial Vector Network Analyser (VNA).
Left side: Rectangular waveguide housing the samples, similarly to Refs.27,39. The in-plane field along the resonator axis, B‖,
is provided by two Helmholtz coils, and the perpendicular field, B⊥, is provided by a single axial coil around the waveguide.
All coils are thermalized to the mixing chamber. The maximum value for B‖ is 650mT. Right side: Cylindrical waveguide
with full 3D magnetic field control, provided by a set of coils (not shown), thermalized at the 4K stage. In this configuration
the maximum value for B‖ is 1.2T. By applying an approximately 1 s long current pulse Ih through a local heater attached
to the cylindrical waveguide, the temperature of the resonator can be increased above TC ≈ 2K in order to reset persistent
currents trapped in the grAl film. The resonator thermalizes below 100mK within 5min following the heating pulse. The
zoom-in represents schematically the sapphire chip on which a λ/2 grAl resonator, at the position indicated by the blue arrow,
is capacitively coupled to a coaxial cable.
Bardeen theory42,43 for superconductors in the lo-
cal and dirty limit, the total kinetic inductance is
Lk(B‖) = N~Rsq/(pi∆(B‖) × tanh(∆(B‖)/2kBT ))
where N is the number of squares, Rsq is the resis-
tance per square and ∆ is the superconducting gap. Us-
ing the field dependence of the superconducting gap44,
∆(B‖)/∆(0) =
√
1− (B‖/Bc)2, where Bc is the crit-
ical field, the frequency shift can be approximated by:
∆fr(B‖)
fr(B‖ = 0)
≈ −1
4
(
B‖
Bc
)2
. (1)
Using Eq. 1, we fit the measured frequency shift (cf.
Fig. 2 (a)) and extract the critical field Bc for our grAl
films in the range of 4.9T-6.8T (cf. Table I) consistent
with previous measurements45,46. For res. D in the cylin-
drical waveguide, we measure a similar dependence of
∆fr versus By (cf. Fig. S2), confirming that ∆fr is inde-
pendent of the direction of the in-plane field (cf. Eq. 1).
The resilience of grAl resonators to in-plane magnetic
field B‖ is demonstrated in Fig. 2 (b), where we plot
the internal quality factor Qi as a function of B‖. Res-
onators in both waveguide setups (cf. Fig. 1) maintain
Qi > 10
5 up to B‖ = 650mT (rectangular, red) and
B‖ = 1.2T (cylindrical, blue). The measured Qi in-
creases for higher number of circulating photons n, as in-
dicated by the green, yellow and blue traces correspond-
ing to n = 1, 45, and 100. As proposed in Refs.27,47,
this dependence suggests circulating current in the res-
onator can accelerate quasiparticle diffusion. Interest-
ingly, at fields in the range of 1T, the power dependence
of Qi is approximately 6 × stronger than in zero field.
This effect might be explained by imperfect spatial com-
pensation of the perpendicular field, introducing vortices
which can act as quasiparticle traps48. As expected from
Ref.28, the self-Kerr frequency shift of the resonator vs.
n is not influenced by B‖ (cf. Fig. S3).
The quality factor versus B‖ shows a characteristic dip
for all measured resonators (cf. Fig. 2 (b) for res. A
and B), which can be attributed to electron spin reso-
nance (ESR) of paramagnetic impurities18,20. The inset
of Fig. 2 (b) shows the frequency of the resonators vs. the
magnetic field BESR at which the dip is observed. Using
the resonance condition with the Zeeman-splitting energy
3FIG. 2. Resonance frequency shift ∆fr and internal quality factor Qi of grAl resonators versus in-plane magnetic field B‖.
For each B‖ value, the spurious perpendicular component, resulting from field misalignment and inhomogeneity, is minimized
by choosing the compensation field B⊥ which maximizes the resonant frequency (cf. Fig. S1). In panel (a), we present the
measured ∆fr as a function of B‖ for res. A (in red), in the rectangular waveguide, and for res. B (in blue), in the cylindrical
waveguide, along with the corresponding fits following Eq. 1 (dashed black). We extract a grAl critical field of 6.8T and 5.8T
for res. A and B, respectively (cf. Table I). The two insets show typically measured phase and amplitude (in red) for res. A,
at B‖ = 650mT, and the corresponding joint fit
41 (in black). In panel (b), we plot the fitted Qi as a function of B‖, for
various circulating photon numbers, n, populating the resonator. Overall, we do not observe a degradation of Qi with increasing
B‖. Interestingly, the Qi for res. B enhances versus in-plane field when populated with tens to hundreds of photons (yellow
and blue markers). The conspicuous dips in Qi, indicated by the black arrow, can be explained by coupling to the electron
spin resonance (ESR) of paramagnetic impurities18,20. The inset shows the resonance frequencies of four different samples (in
magenta) versus the measured ESR magnetic field extracted from the position of the Qi dip. From a linear fit (in black), the
Lande´ factor is g ≈ 2.01, which suggests coupling to a spin 1/2 ensemble.
hfr = gµBBESR, we extract a Lande´ factor g ≈ 2.01 (cf.
black line in inset). This points to a spin-1/2 ensemble
of unknown origin coupled to the resonators. Following
Ref.49, in the case of grAl the ensemble could consist of
spins localized in the oxide between aluminum grains.
In Fig. 3 we show the resonance frequency shift and
the quality factor in perpendicular field. The field is
successively swept to Bmax⊥ and back to 0, with B
max
⊥
gradually increased. The aim is to determine the thresh-
old perpendicular field, Bth, beyond which the resonance
frequencies on the ramp up and ramp down no longer
coincide, due to flux trapping50. A sample is in the so-
called elastic regime if it has not been exposed to fields
above Bth after crossing the superconducting transition
in zero field (cf. Fig. 3 (a)). Notice that although the fre-
quency shift is qualitatively similar to the one measured
in B‖ (cf. Fig. 2 (a)), the magnetic field susceptibil-
ity is 3 orders of magnitude stronger due to the larger
area exposed to the field and the induced persistent cur-
rents. Once a sample is exposed to fields larger than Bth,
it enters a so-called plastic regime, defined by randomly
pinned and mobile fluxons with varying configurations
versus B⊥ (cf. Fig. 3 (b) and (c)). For our resonators we
measure Bth ≈ 0.6mT. After applying B⊥ = 2mT,
deep in the plastic regime, and ramping down to zero,
we observe an upward drift of the resonance frequency
in time (cf. Fig. 3 (d)). This trend can be attributed to
mobile fluxons exiting the film. From the plastic regime,
a sample can be reset to the elastic regime by heating it
above Tc and cooling it down in zero field. This reset is
achieved in about 5min utilizing the local heater visible
in Fig. 1 (on the cylindrical waveguide).
In the elastic regime, the internal quality factor im-
proves by approximately 15% in perpendicular field of
0.6mT (cf. Fig. 3 (e) and (f)), which can be explained by
fluxons created at the current nodes48. The Qi enhance-
ment disappears when B⊥ → 0, which indicates that
fluxons are induced by reversible circulating currents. In
the plastic regime, Qi changes randomly with B⊥, due
to fluxons interacting with the radio-frequency current
of the resonator mode (cf. Fig. 3 (g) and (h)). The onset
of the plastic regime, evidenced by a sharp drop in Qi,
occurs during the first sweep exceeding Bmax⊥ = 0.7mT,
shown in Fig. S4.
4FIG. 3. Behaviour of grAl resonator A in perpendicular magnetic field. In panel (a), we show that the resonant frequency
shift is reversible for Bmax⊥ up to 0.6mT. We denote this the elastic regime. In contrast, panels (b) and (c) show that above
this threshold the frequencies on the field ramp-up (fրr ) and ramp-down (f
ց
r ) do not overlap, indicating flux trapping in the
resonator film. We denote this the plastic regime. In the plastic regime, as shown in panel (d), we observe flux creeping on
long time scales: the resonance frequency gradually drifts upwards. We show Qi(B⊥) in the elastic regime, measured during
ramp-up (e) and ramp-down (f) for Bmax⊥ of 0.4mT, 0.5mT and 0.6mT. Blue and red arrows denote the field sweep directions.
Note that Qi is enhanced by approximately 15% in B⊥ = 0.6mT. After having transitioned to the plastic regime (during the
sweeps to Bmax⊥ = 0.8mT and B
max
⊥ = 0.9mT shown in Fig. S4), the measured Qi(B⊥) changes randomly both on the ramp-up
(g) and ramp-down (h) for Bmax⊥ = 1.0mT.
Resonator Waveguide Qc fr Lk Bc
(GHz) (nH/) (T)
A Rectangular 3.0 x 103 7.75 1.2 6.8
B Cylindrical 1.1 x 104 7.79 1.2 5.8
C Rectangular 1.7 x 104 6.68 1.4 6.0
D Cylindrical 1.8 x 106 7.07 1.5 4.9
TABLE I. Summary of the coupling quality factor Qc, res-
onance frequency fr, kinetic sheet inductance Lk and fitted
critical field Bc (cf. Eq. 1 and Fig. 2 (a)). The main source of
uncertainty in estimating Bc originates in the frequency shift
caused by inhomogeneities in the spurious out-of-plane field.
In summary, we demonstrated that superconducting
grAl resonators maintain internal quality factors above
105 under in-plane fields exceeding 1T. The observed
enhancement of the Qi in small perpendicular fields re-
inforces the notion that fluxons, trapped at particular
positions, can facilitate quasiparticle relaxation. Above
a perpendicular field threshold, trapped fluxons lead to
drifts and stochastic jumps of the resonator’s frequency
and quality factor. This threshold is geometry depen-
dent, and for the 10µm-wide resonators used in this work
is in the range of 0.6mT. To further decrease the suscep-
tibility to perpendicular fields, the width of the resonator
should be decreased in future designs. The ease of fabri-
cation, the kinetic inductance in the nH/ range and the
field resilience up to 1T recommend grAl as a material
for hybrid quantum systems.
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6SUPPLEMENTARY MATERIAL
S1. MINIMIZATION OF THE PERPENDICULAR FIELD
COMPONENT
As evidenced in Fig. 3 (a) and (b), B⊥ shifts strongly
the resonance frequency. We use this susceptibility to
minimize the spurious perpendicular field component
during in-plane sweeps. For each value ofB‖, we trace the
phase response of the resonator at a fixed frequency (close
to fr) in a narrow field range of B⊥ (cf. Fig. S1). The
maximum of the phase response, corresponding to the
optimal compensating B⊥, is determined from quadratic
fit. We observe a compensation field linearly-dependent
on the in-plane magnetic field, hence, a minor chip tilt
with respect to Helmholtz coils is the most probable ori-
gin for the unwanted perpendicular field component. A
typical compensation field of ≈ 1.94mT required for
B‖ = 200mT (cf. Fig. S1) corresponds to a misalign-
ment angle below 1°.
FIG. S1. Typical measurement used to calibrate the compen-
sation field B⊥. The phase response of the resonator at a
fixed frequency close to fr is shown in red and the quadratic
fit in blue. We choose the value of the compensation field
which maximizes the phase response. For the example shown
here, res. A and B‖ = 0.2T, the compensation field is
B⊥ ≈ 1.94mT.
S2. IN-PLANE FIELD SWEEPS ALONG ORTHOGONAL
AXES
A comparison between the resonance frequency shift
for two different in-plane magnetic field directions is
shown for res. B in Fig. S2. Magnetic field sweeps along
the resonator’s axis (red) and perpendicular to the res-
onator’s axis (gray) overlap closely, which indicates that
in our case the orientation of the in-plane field does not
significantly influence the superconducting properties of
the film. Since the effective areas of the resonator parallel
and perpendicular to the its axis are 60 × different, the
suppression of the superconductor’s gap appears to be
the main mechanism responsible for the measured change
of kinetic inductance under in-plane magnetic field (cf.
Eq. 1 in the main text).
FIG. S2. Resonance frequency shift versus in-plane magnetic
field for res. B (measured in the cylindrical waveguide), ap-
plied along two orthogonal directions: parallel (red) and per-
pendicular (gray) to the resonator’s axis. The fact that the
measurements overlap, for different effective side areas of the
resonator exposed to in-plane field, indicates that screening
currents do not play a significant role. Active compensation
of the spurious perpendicular field component is performed
for both sweeps, according to the procedure shown in Fig. S1.
7S3. SELF-KERR EFFECT VS. IN-PLANE FIELD
The resonance frequency shift as a function of the num-
ber of circulating photons in the resonator, known as the
self-Kerr effect, is measured under in-plane magnetic field
for res. A (cf. Fig. S3 (a)). Note that for B|| > 0.5T the
resonance frequency shift is no longer linear in the low
photon number region. Furthermore at 0.65T, ∆ fr first
increases and then decreases. The exact cause of this be-
haviour is unclear. It can be attributed to induced super-
conducting fluxons, due to imperfect compensation of the
perpendicular field in the end regions of the resonator, at
the current nodes. These fluxons can act as quasiparticle
traps48, which become more efficient at higher circulating
power in the resonator when the mobility of the quasipar-
ticles is higher. Trapping quasiparticles into these areas
could slightly reduce the effective quasiparticle density,
nqp, and as fr ∝ 1/
√
Lk ∝ 1/√nqp, result in an
increased fr.
The extracted self-Kerr coefficient under in-plane mag-
netic field up to 650mT is shown in Fig. S3 (b). As
discussed in Ref.28, the self-Kerr coefficient of grAl is
K11 ∝ f2r /jc, where fr and jc are the resonant frequency
and the critical current density. Because both f2r and jc
are ∝ 1/Lk, K11 is expected to be field-independent28.
FIG. S3. Self-Kerr coefficient of res. A under in-plane field.
(a) Resonance frequency shift vs. the average photon number,
n, for B|| = 0T, 0.3T, 0.5T, 0.65T. The self-Kerr coefficient
is extracted from the data above n ≈ 1 · 105 (indicated by
vertical black dashed line) using a linear fit, ∆fr = −K11n.
This resonator bifurcates at ≈ 4 · 105 photons. (b) Fitted
self-Kerr coefficient vs. B||.
S4. ONSET OF THE PLASTIC REGIME UNDER
PERPENDICULAR MAGNETIC FIELD
The transition of resonator A to the plastic regime
(cf. Fig. 3) is visible during three consecutive sweeps
with Bmax⊥ = 0.7mT, 0.8mT and 0.9mT (cf. Fig. S4).
When B⊥ is ramped up to 0.8mT, the onset of the plas-
tic regime is evidenced by a sharp drop in the Qi for
B⊥ > 0.7mT, which is explained by fluxons permeat-
ing the film (cf. Fig. S4 (c)).
FIG. S4. Measurements of Qi versus perpendicular magnetic
field for res. A, evidencing the onset of the plastic regime
during the sweeps to Bmax⊥ = 0.7mT (a - b), B
max
⊥ = 0.8mT
(c - d) and Bmax⊥ = 0.9mT (e - f). Horizontal blue and red
arrows indicate the directions of the magnetic field sweep.
